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Introduction
Tarnish affects many metals and alloys, and in order to compare anti-tarnish methods, a quantitative method is needed to describe the equivalent tarnish compared to baseline samples tarnished using ISO standard methods. We establish such a baseline in order that samples can be compared, using the example of brass.
Brass is an alloy of primarily copper and zinc, with zinc content varying from 5 to 45%.
Small amounts of other elements can be added to improve the properties. For example, adding lead (up to 3%) improves machinability, whereas tin (0.4 to 1.5%) improves corrosion resistance, and iron (0.75 to 2.5%) improves yield strength [1] .
Brass is a fundamental alloy for industry and has been utilised for many decades in the manufacture of electrical equipment, heat transfer equipment, domestic plumbing, seawater lines, gears, pinions and bearings due to its good thermal, corrosion and mechanical properties. It is also approved for use in hazardous environments because it does not spark when struck with other metals, and it has anti-bacterial properties where tests have shown its superiority in controlling harmful microorganisms. As well as industrial uses, brass has also been used for costume jewellery and decorative trim due to the attractive golden colour. [1] [2] [3] .
Brass, like many other metals tarnishes in moist environments and its shiny golden colour progressively turns to darker brown and ultimately to green. The colour change is due to the formation of a layer of tarnish by-products when copper reacts with oxygen, chloride and sulphides. Tarnishing is undesirable in some applications such as jewellery because of loss of colour and shine, and in electrical equipment because it can cause failure of electrical connections [4, 5] . To prevent this from happening, different types of coatings have been applied to improve tarnish resistance of brass [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, no standard tests are available which can be used to predict the reliability of such tarnish resistance coatings or quantify the amount of tarnish produced.
To establish a quantifiable tarnish timeline for materials, brass was investigated. In the current work, three quantitative measures of tarnish resulting from two different ISO standard corrosion processes are established, which allow a quantifiable tarnish timeline to be established. This serves two purposes: firstly, anti-tarnish methods can be compared against each other quantitatively; secondly, products in circulation can be tested and compared to an equivalent exposure time in each ISO standard test. The current methodology is applicable to other tarnish testing techniques and other metals and alloys.
Materials & ISO Corrosion Methods
The brass samples used in this study comprised of 73% copper and 27% zinc composition.
They were tarnished in a controlled environment using two standard methods: the thioacetamide accelerated corrosion test (ISO 4538:1995) [15] and the synthetic perspiration (sweat) test (ISO 3160-2:2003) [16] .
For the thioacetamide Accelerated Corrosion test (ACT), the brass samples were exposed to sulphide gases emitted by thioacetamide in a 75% relative humidity atmosphere maintained by a saturated sodium acetate solution at 20±5°C, in a sealed glass chamber. For the synthetic sweat test (SST), the brass samples were sprayed with a mist of synthetic sweat (Table 1) and placed in a sealed glass chamber at 40±2°C. Samples were exposed to the ACT and SST tarnishing agents for 8 hours, 1 day, 3 days and 7 days. The maximum exposure time was selected after noticing the high discolouration of the samples after 7 days exposure.
Control samples, which had been stored in a protective environment, were also characterized to establish a baseline.
Analysis methods
Colour measurements were performed using an X-Rite SP64 spectrophotometer and reported as CIE * * ℎ° triplets where * is the sample lightness, * is the sample chroma or colour saturation, and ℎ° is the sample hue or colour. The settings used were CIE D65/10° where D65 stands for daylight illuminant and 10° is the field of view or observer angle. Specular reflection was included [17] .
EDX analysis was performed at a minimum of six locations using a Jeol 35C scanning electron microscope (SEM) and Oxford Instruments Aztec EDX analyser. SEM images were acquired using a Jeol 6100 SEM.
EIS measurements were performed using a CH Instruments' CHI 760E Electrochemical Workstation. A Platinum electrode was employed as the counter electrode, and a silver chloride (Ag/AgCl) electrode as the reference electrode. A frequency range of 1 Hz to 1
MHz, along with an AC Voltage of 5 mV was utilised for all experiments. Twelve measuring points were recorded in each frequency cycle between 1 Hz and 10 kHz, and fifty measuring points were logged in each frequency cycle between 10 kHz and 1 MHz. Impedance data was fitted for an equivalent 1 cm 2 area to a simplified Randles cell (Fig. 1) where is the solution resistance, is the charge transfer resistance and is the double layer capacitance [18] . Table 2 shows the colour timeline results for the two tarnishing methods. The same data is represented graphically in Fig. 2 and Fig. 3 . Table 2 also shows the colour difference values in CIEDE2000 units (∆E ̅ 00 * ) [19] . The results for the tarnished samples represented the average of eight measurements. Fig. 4 , Fig. 5 and Fig. 6 show SEM images at 20X magnification for control, ACT (7 days exposure) and SST (7 days exposure) samples;
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For the ACT tarnishing method there was a clear trend in the results, which showed that as exposure time increased all colour components decreased over the full time scale. As a result, the tarnished samples' colour became darker, less saturated and moved towards red and away from yellow.
For the SST tarnishing method there was a trend observed in all colour components where values decreased over short exposure times up to one day. Beyond that, there was no significant change. The SST method was observed to form an uneven surface layer, which was not well adhered to the substrate and in some places peeled or cracked before observation to reveal the less-tarnished substrate. This is partly responsible for the reduced colour change, but also the SST method appears to be self-limiting after 1 day.
SST is a liquid phase process where a fine mist is sprayed on to the sample. Coalescence of the droplets in the mist and the resulting non-uniform coating could explain the uneven surface layer as can be seen clearly in Fig. 6 . In comparison the vapour phase ACT method produced a much more uniform, compact and mechanically stable surface layer as can be demonstrated in Fig. 5 and is similar to the control sample surface, Fig. 4 .
EDX measurements
Results for the EDX timeline are shown in Fig. 7 and Fig. 8 .
It can be observed from the plots that as exposure time increases for both methods, tarnish by-products (oxygen, sulphur and chlorine) increase. However copper and zinc were seen to decrease as a weight fraction due to the increase in other species. An evaluation between the two methods of tarnishing demonstrated that the SST tarnishing method illustrated larger changes in copper and oxygen weight fractions compared to the ACT tarnishing method.
These rapid weight fractions changes in the SST results are attributed to the higher temperature of the SST tarnishing method (40±2°C) as compared to ACT tarnishing method (20±5°C) [20] . Fig. 9 and Fig. 10 show timelines for ACT and SST experiments; respectively. Fig. 11 and Fig. 12 show timelines for ACT and SST experiments; respectively.
EIS measurements
For ACT there is a general trend of increasing parallel resistance and decreasing capacitance over the whole timeline. This is attributed to the increased surface coverage by tarnish by-products, which did not saturate over a period of seven days.
The SST method showed no trend over the whole time period. For SST, surface changes went beyond tarnishing towards corrosion. This however had no impact on the primary and curves fitted here, probably because the surface change caused by the SST method is either not large enough to significantly alter surface electrical measurements, or is indicative of a porous or loose coating [5, 8] which was observed in some samples with the corresponding additional time-constant in the EIS response. The formation of a porous or loose coating is suggestive of corrosion instead of tarnish [21] .
Conclusions
Brass samples were controllably tarnished using two ISO standard accelerated corrosion methods: accelerated corrosion (ACT) and synthetic sweat (SST). Surface analysis methods were applied as a function of time to establish an equivalent tarnish timeline.
The ACT method produced a uniform, compact and mechanically stable surface layer while the SST method produced a non-uniform, porous or loose and less mechanically stable surface layer. The nature of the surface layer formed by the SST method is indicative of corrosion, rather than tarnish, resulting from exposure to synthetic sweat.
Spectrophotometry measured colour changes over the first day of exposure for both ACT and SST, but colour changes saturated after 1 day for SST. For ACT colour changes continued over the full 7 day duration.
EIS measurements showed an increase in charge transfer resistance and a corresponding reduction in double layer capacitance over the full timeline for the ACT method, however no trend was observed for SST.
EDX surface chemical composition measurements changed over the full 7-day duration for both ACT and SST.
For the ACT method, results from all three analyses methods can be used to construct tarnish time lines however for the SST method, only EDX results can be used to construct a tarnish time line. EDX is clearly the preferred method to show a trend over a period of at least seven days equivalent exposure for both the ACT and SST methods. Samples with anti-tarnish treatments can then be compared back to this timeline, to give an equivalent exposure time for an untreated sample. Fig. 1 -Simplified Randles Circuit. 
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